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The results described in this paper were obtained from an analysis of bubble-chamber pictures of I' p
interactions at incident momenta of 4.1 and 5.5 GeV/c. This paper reports the results on quasi-two-body
final states, which are observed to be predominantly peripheral. In the final states Ap, A~, Ap, and
I'&*+(1385)m, the exchange mechanisms were investigated in terms of the density-matrix formalism. In
general, vector-meson exchange appeared to be dominant, and in particular the decay distributions of the
Fi*+(1385)x final state were in good agreement with the predictions of the Stodolsky-Sakurai model.
Several reactions show small backward peaks expected from baryon exchange. The prediction of the inde-
pendent quark model and other symmetry schemes that the forward cross sections for A p' and Ace production
should be equal is well satisfied by the present data. We also report measurements of the properties of
various resonant states. We find a mass and width for the I q*(1695) of 31=1700+20 MeV, I'=130&25
MeV. The dominant decay mode is Ax, but limits are placed on other possible channels.

I. INTRODUCTION

~HE data presented here were obtained from an
analysis of E p interactions at 4.1 and 5.5

GeV/c in the 30-in. hydrogen bubble chamber at
Argonne National Laboratory. Neighboring momenta
for which 6nal results have been reported are 2.24, '
3,s 3.5,' and 6 GeV/c. '

The track con6guration scanned for consisted of two
prongs with an observed decaying neutral (two-prong

+V). In this paper we report only on those events in
which the neutral particle is a A..' Table I lists the
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TxsLE I. Hypotheses tried.

E p —&x+m A

x+x Ax
~+~-Z0
~+~-Ag
X+X'-A.
x+x-~ o

E'+E X
K+X-Aq

ppA
pps~0

pm An
~+PAn

px K'
p7f. K0m0

pm. K0g
m+m E0n
E+E-K0n
ppK0n

TABLE II. Two-body final states selected for analysis.

Hypothesis considered Final state

Ap0

xf
I,~+(1385)~-
I,*+(1695)~-
y0p0

Fi~+(1385)x
A.g
Ace

I"I*+' (1385)P '+

Z E+E
~++X-~0

aX0
Ap

gf 4t

+Op

F'1*0(1385}p

hypotheses tried on all events in kinematic 6tting. The
Am+sr y hypothesis was also tried on a subset of the

events as discussed in Sec. VII. Table II gives the two-

body 6nal states analyzed in some detail. Results based

on some of these have already been reported by this
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collaboration, 6 ' but a reanalysis is presented whenever
a larger amount of data is available.

The basic purposes of the experiment were fourfold:
to search for new particles, to determine the quantum
numbers of new particles, to investigate the production
mechanisms of all resonances produced with a su%-
ciently large signal, and finally to compare the results
on two-body final states with the predictions of various
theoretical models.

The production mechanisms were investigated by
analyzing the production angular distributions of the
two-body final states together with decay correlations
of the resonances and comparing the results with

Fio. 2. A histogram of the
quantity cos8=A 8, where I is
the unit normal to the Z0 pro-
duction plane and A. is the unit
vector in the direction of the A.

in the 5' c.m. system. For real
h.2r+m events, rs is essentially
normal to 4, so that one expects
a distribution peaked at cos9
=0. (a) The (A.jZ )2r+2I- ambi-
guities at 4.1 GeV/c. (b) All
Z02r+vr fits at 4.1 GeV/c which
are not ambiguous with A~+~ .
(c) and (d) are corresponding
histograms at 5.5 GeV/c.
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FEG. 1. The undtted A2I-+x mass distributions. (a) Experi-
mental A~+~ 6ts at 4.1 GeVjc. Without measurement errors,
true Aw+x events have a A.2r+2I- mass of 2.973 GeV while true
Z02r+m events range from 2.79 to 2.95 GeV. (b) Experimental
A7r+~ 6ts at 5.5 GeV/c. Without measurement errors, true A2I.+2I.

eventshaveah. m.+m massof 3,386 GeVwhileZ'm+m eventsrange
from 3.17 to 3.36 GeV. (c) z'2I-+2I- events generated by vAKz at
5.5 GeV//c. (d) A~+~ events generated by zAKE at 5.5 GeV//c.

theoretical models. For the two-body production of
hyperon resonances, the model of Stodolsky and.
Sakurai' of vector exchange with M1 dominance makes
speci6c predictions for the density matrix elements
which are compared with the data of this experiment.
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Finally, the independent-quark model' makes specific
predictions for several two-body final states which are
observed in the present experiment. 6
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Fro. 3. Dalits plots for 213 Ao+s events at 4.1 GeV/c,
and 563 events at 5.5 GeV/c.
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II. EXPERIMENTAL DETAILS

A. Exyosure and Analysis

We analyzed 90 000 pictures at 4.1 GeV/c and 400 000
pictures at 5.5 GeV/c, representing 3.6X10' crn and
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Fxe. 4. Mass projections for the h.x+m Gnal state. In making
its to the Breit-Wigner resonance shape, the mass and width used
for each resonance was that which gave a best Gt to the combined
data at 4.1 and 5.5 GeV/s. (a) The s+s mass at 4.1 GeV/c.
The shaded area contains 149 events after subtraction of 64
F1*+(1385)x and F1*+(1695)x events. The solid curve is a
best Qt to the shaded histogram for phase space and two Breit-
Wigner resonances with M(p') =755 MeV, F(p') =140 MeV, and
3f(f)=1285 MeV, F(f)=140 MeV. The relative contributions
are 49% phase space, 29% p and 22% f. (b) The A.m+ mass at
4.1 GeV/c. The shaded area contains 144 events after subtraction
of 69 Ap and A.f events. The solid curve is a best fit to the shaded
histogram for hase space and three Breit-Wigner resonances
with M(F1*+ 1385))= 1383 MeV, F(F1*+(1385))=31 MeV,
3f(Fq*+(1695))= 1700 MeV, F(Fq*+(1695))=130 MeV, and
Jf(F1*(1910))=1910MeV, j. (F1*+(1910))=60MeV. The rela-
tive contributions are 67% phase space, 14% F1*+(1385), 15%
F~*+(1695),and 4% F~*+(1910).(c) The Am mass at 4.1 GeV/c.
The shaded area contains 101 events after subtraction of 112
Ap', Af, F&*+(1385)m, and F1*+(1695)x events. The solid curve
is phase-space normalized to the shaded histogram. (d) The m+x

mass at 5.5 GeV/c. The shaded area contains 345 events after
subtraction of 218 Y~*+(1385)~ events and F1*+(1695)m events.
The solid curve is a best fit to the shaded histogram for phase
space and the two Breit-Wigner resonances described in (a). The
relative contributions are 60% phase space, 30% p0, and 10% f.
(e) The ha+ mass at 5.5 GeV/c. The shaded area contains 432
events after subtraction of 131Ap' and Af events. The solid curve
is a best 6t to the shaded histogram for phase space and the three
Breit-Wigner resonances described in (b). The relative contri-
butions are 45% phase space, 28% F1*+(1385),25% F1*+(1695),
and 2% F~*+(1910).(f) The Am mass at 5.5 GeV/c. The shaded
area contains 248 events after subtraction of 315 Apo, Af,
Y1*+(1385)m,and F1~+(1695)x events. The solid curve is phase-
space normalized to the shaded area.

2.22X10' cm of E track, respectively. The separated
E beam@ from the —Zero Gradient Synchrotron (ZGS)
was of high purity, having 10%%u~ contamination of
light particles at 4.1 GeV/c and 5% at 5.5 GeV/c.

'T. H. Fields, E. L. Goldwasser, and U. E. Kruse, Argonne
National Laboratory Report No. THF/ELG/UEK-1, 1961 (un-
published). R. Ammar, T. H. Fields, M. Derrick, E. L. Gold-
wasser, M. L. Good, U. E. Kruse, D. Reeder, F. Schweingruber,
and J. D. Simpson, in Proceedings of 1966 International Con-
ference on Instrumentation for High-Energy Physics, Stanford
USAEC Conf. 660918 (International Union of Pure and Applied
Physics and U. S.Atomic Energy Commission, Washington, D. C.,
1966), p. 620.
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FIG. 5. Chew-Low plots for the m+x system in the A7r+m events.
The events have been weighted as described in Sec. II B.

G. R. Lynch, University of California Radiation Laboratory
Report No. UCRL-10335, 1966 (unpublished),

At the scanning stage, ionization estimates were
made for all tracks. This information and measurement
data from the digitized projectors were analyzed by a
system of computer programs (MasMER, HGEoM, 0RrNn,
SUMTAP, SUMEDIT, and SUMx), which performed the
necessary bookkeeping, reconstruction, kinematic fit-
ting, and plotting of histograms. Details on these
programs as well as further details on the exposure
may be found in Ref. 5.

Events were considered ambiguous if they fit more
than one of the complete set of hypotheses listed in
Table I. Hypotheses containing an unobserved A. or
Es have not been considered since they are expected
to have few events.

Kinematic ambiguities were investigated by using
such auxiliary information as ionization, mass plots
calculated from the unfitted kinematical values, and

properties of events generated artificially by FAKE."
Detailed treatment of such ambiguities will be discussed
for the individual final states.



3. Cross-Section Basis

To determine the E Bux, a beam count was done
every 20 frames. In addition, three-prong events were
recorded in the regular scanning. The incident E- Qux
calculated from the known three-prong branching ratio
of E- decay" was in agreement with that derived from
the beam count and the beam purity which was mea-
sured by a Cerenkov counter during the exposure.

Tllc colllblllcd scan efflclcncy was 99% as dctcrm1ncd
from two coxnplete scans of the 61m. Events found in
the erst scan which had failed the computer programs
were remeasured along with the new events found in
the second scan. Of the total number of events, 5%
Anally failed to give a satisfactory geometrical
reconstruction.

In the course of testing the kinematic 6tting program
with arti6cially generated events, it was found that
(30+10)%of Z' events did not yield a satisfactory fit.
This loss was taken into account in the Z' cross-section
estimate.

Fol' absolute CI'oss-section Ineasurements and angular
distributions, the events were restricted to within a
6ducial volume which was slightly smaller than the
scanned volume. Both the primary and V vertices had
to lie within a restricted volume and in addition the A.

was required to have a Bight path length greater than
0.5 cm. Using the known A. lifetime, " each observed
event was then weighted to correct for A. particles
decaying outside the 6ducial volume or within 0.5 cm
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Fxo. 6. Cheer-Low plots for the Ax+ system in the Ax+m events.
The events have been &weighted as described in Sec. II B.

TAsLE III. Cross sections derived from Am+m and Z0~+x events.

Reaction channel

Ax+m
A.p0

8-+m.

Af

+

Fj*+(1385)x

A,m+

Fy*+(1695)m

Am+

V&*+(1910)~

A~+
Z0Vr+m-

+Opo

m+%.

F,*+{1385)~-

zo~+

Total No.
of events

4.1 GeV/c 5.5 GeV/c

213a15 563+25
45~11 107~13

22~ 8 129+22

Weighted No.
of events'

4.1 GeV/c 5.5 GeV/c

186~18 652&30
40~13 105&15

20~8 140+14

20~16 122+15

6~ 6 10+10

60a30 150+25
&4 14+ 5

0 (pb) for decay
into particles

observed
4.1 GeV/c 5.5 GeV/c

305+53 135&12
66+23 22+ 4

33+27 25+ 5

100~50
&8

o (pb) corrected
for other decay

modes (Ref, 13)
4.1 GeV/c 5.5 GeV/c

& Calculated as described in Sec, II B.using events from a restricted fiducia volume containing 20% less events than the observed total of the previous
column.

~3 A. H. Rosenfeld, ¹ Barash-Schmidt, A. Barbaro-Galtieri, L. R. Price, Paul Soding, C. G. Wohl, Matts Roos, and W. J. Willis,
Rev. Mod. Phys. 40, 77 (1968).
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of the primary vertex. All of the angular distributions
in this paper- have been so weighted. The average
weighting factor was 1.25. The following cross section
bases wcl'c found:

0.61+0.08 events/pb at 4.1 GCV/c,

4.85+0.30 events/pb at 5.5 GCV/c,

where these numbers include corrections for beam
purity, scan efficiency, geometry failures, and neutral
decays of the A. These cross-section numbers are to be
applied to the weighted number of events calculated
as described above. Some final states (e.g. , Ay), also
require correction for decays of the meson system which
do not yield the two-prong+V topology. Such cor-
rections depend on the particular final state and are
discussed later.

For the mass histograms, all the events found were
used with no 6ducial volume selection and with no
weighting factor applied.

DI. KImZMMIC ZIPS TO THE
A.~+~ HYPOTHESIS

A. Resolution of Ambiguities

There were 213 Aw+lr fits at 4.1 GCV/c and 563 at
5.5 GCV/c, of which 40% were unique. The ambi-
guities were almost entirely with the Z'~+x —6na, l state
and were resolved by the methods described below.

The A momentum was calculated using the constraint
that thC V polllt 'to tllC X p llltei'Rctloll VC1'tCX. Tllls
momentum was used along with un6tted momenta of
the tracks at the production vertex to calculate the

Airer 111VR11Rllt B1Rss M(Aire). Tllis should cquRl tllc
invariant mass of the initial E p system for true An.+m

events and should be lower for true Z'sr+~ —events
because of the energy carried oQ by thc y. This ex-
pectation, modi6ed by the experimental errors, was
veri6ed by an examination of a,rti6cial Ax+x and.
Z'lr+lr events at 5.5 GCV/c generated by the computer
program FAKE. The hypotheses listed in Table I were
tried on the arti6cial events. Figure 1 shows a com-
parison of M(Aire) for the observed Alr+lI. fits with
that for the z&Kz events. The distribution of M'(Airer)
for' thc obscrvcd Ax+m 6ts docs not show an cxccss of
events in the region expected for Zovr+x events, thus
indicating that the Zo contamination is not. signi6cant.

In addition, the zAzz results indicate that only 35 jz
of the events generated as Zom+x would 6t the Am+7I-

hypothesis but that 70'Po of the events generated either
as A~+a or as 7'1*+(1385)lr would fit the Z'x+x
hypothesis. This further supports the conclusion that
the observed events are mainly A~+or (four-constraint
fit) rather than Z'lr+lr (two-constraint fit).

Further, since Fi*+(1385) decays predominantly
into Ax+ but has only a small decay rate into Z'm+, '3

the amount of the F'1*+(1385) in the ambiguous events
is a measure of the amount of the Ax+w 6nal state.
Experimentally, the fraction of Vi*+(1385) in the
ambiguous events was consistent with interpreting
them as predominantly A.m+m events.

Additional evidence against the interpretation that
the (A/Z')lr+~ ambiguities represent real Z'll+x
events arises from an observation of the decay angular
distribution of the hypothesized Z'. Figure 2 shows a
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histogram of the quantity cosO=A 8, where 8 is the
unit normal to the Z production plane and A. is the
unit vector in the direction of the A. in the Z c.m.
system. For real hx+7r events, 8 is essentially normal
to A so that one expects a distribution peaked at
costt=0. The (A/Z')~+sr ambiguities show such a peak
while those events which are not ambiguous with the
Am+~ hypothesis, and therefore presumed to be mainly
Z m.+m events, have an isotropic distribution as ex-
pected since the A polarization is consistent with being
zero. This indicates that the (A/Z')~+n. events belong
to a different population than Z'x+m events and are
consistent with being Ax+a .

On the basis of the preceding analyses, all of the
(A/&')x+s ambiguities were taken to be Am.+~ events,
with a contamination from Z'm+x estimated to be
about 5%.
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N
CP
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7.5—

G eV/c

B. Display of Data for Two-Body Final States

Dalitz plots of the Am+x events at 4.1 and 5.5
Gev/c are shown in Fig. 3, and effective-mass distri-
butions at each momentum are presented in Fig. 4.
Evidence for the two-body Anal states Ap', Af, and

Fx +(1385)vr is seen at both momenta. In addition,
there is evidence for F~*+(1695)~—at 5.5 Gev/c. ' The

f is more evident after subtraction of events in both
F~*+ regions. We also note that production of
Y~* (1385)~+ seems to be absent, and will discuss this
later. The production angular distributions as a func-

tion of mass are shown in the Chew-Low plots of Figs.
5 and 6.

Cross sections, estimated by Gtting the appropriate
Breit-Wigner and phase-space contributions in each
mass projection, are given in Table III.
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FzG. 8. Chew-Low plots for the E+E system in the AE+E events.
The events have been weighted as described in Sec. II B.

IV. KINEMATIC FITS TO THE A.X+X
HYPOTHESIS: AP AND Af.

FINAL STATES

Approximately 95'%%uo of the events Gtting the AE+E
hypothesis also fit the Z'E+E and/or Am. +n ~'

hypotheses. The (A/Z')E+E ambiguities were resolved

in a manner similar to that used for the (A/Z')w++

ambiguities, with the conclusion that the events as a
whole represented AE+E rather than Z'E+E—.This

procedure also yielded the same conclusion when

TmLE IV. Cross sections derived from the AE+E and Z E+E final states.

Reaction channel

Total No.
of events

4.1 GeV/c 5.5 GeV/c

44~ 7 172~14
14a14 37m 7

Weighted No.
of events'

4.1 GeV/c 5.5 GeV/c

36~ 7 170~16
13% 4 33& 8

59~13
21+ 7

35~ 5
7+ 2

o- (p,b) for decay
into particles

observed
4.1 GeV/c 5.5 GeV/c

cr (pb) corrected
for other decay
modes (Ref. 13)

4.1 GeV/c 5.5 GeV/c

43+15 14+ 4

gf Q

E+E
Z0E+E-
g0@

E+E-

8~ 5
5& 3

35& 8
8~ 4

5w 3 36+ 8 5& 3 34+10

35+10
6a 4

13+ 8
8+ 5

7+ 2

7~ 2
1~ 1 17&11

a Calculated as described in Sec. II B, using events from a restricted fiducial volume containing 20 j0 less events than the observed total of the previous
column.
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known branching ratios" one expects only 6 AP
events with a visible A and the g decaying into Ir+Ir—s',
and only a very small fraction of these are expected to
contRIDlnatc thc four-constraint 6ts. Thus thc cvcnts
in both the p and f* regions were assigned to the four-
coQstI'R1Dt 6t AE+E 1athcr thaD thc orle-constl'R1Dt

6t A~+x mo. The production angular distribution as a
function of the E+E mass is shown in Fig. 8. Cross
sections derived from the AE+E—events are shown in
Table IV. Properties of the fe as measured in this
expcrlnmnt have been plcvlously presented Rnd Rl'e

sUIQmarizcd ln Scc. IX E.
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FIG. 9. Histograms of JIIP de6ned in E +p ~A.+x++~ +j/t;
(a) The Z'v+v candidates at 4.1 GeV/c after removal of four-
constraint Iits. (b) Era events at 4.1 GeV/c. (c) and (d) are
corresponding plots at 5.5 GeV/c.

%L
~ge
g% ~
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(a)
M «0

applied to smaller subsets of data such as in the Ap
Rnd /I f IeglOI1S.

The 6tted E+E invariant-mass distributions and
Dalltz plots of Flg. 7 sllow Q Rnd f*peaks. Amblgultlcs
bctwccll tlm AE+E Rlld AIr+Ir s'o hypotheses 111 thc f
and fe peaks were resolved by the following consider-
ations. Since the fe has 6=+1, it cannot decay
strongly into 3~ and wc can disregard the Am+m mo

ambiguities in the f* peak. The p, on the other hand,
does have R 3m- decay mode but on the basis of the

V. KINEMATIC FITS TO THE Xo~+~- AND
XOX+X HYPOTHESES

Thc Z~Ã~%' 6ts which wcx'c Qot BXIlbiguoUs m'lth thc
A.m+m. hypothesis were investigated, by means of the
missing mass 3E, defined in E +p-+ A+Ir++Ir +M.
Sy requiring M to be consistent with a y rather
than with a x', we obtain a sample of events which are
most likely Zovr+m . In Fig. 9 we see a histogram of M2

for Zo&+~- candidates and for know A~ events. One
can sce that about half of the candidates are likely to
be Z'x+m events. This method of identifying Zom+m

fits gave a fairly dean resolution of the zaIr+Ir /h. s+n Ira

ambiguity as seen in Fig. 10, where the Gtted Amo mass
ls shown Rs R fuDctlon of thc UQ6ttcd IQRss lccolllDg
from the x+x system. True Avr+x mo events lie about
the diagonal line where the 6tted and un6tted masses
are equal, while true Z'm+z events should lie along the
horizontal line at the Z mass. Selecting on JIB'&0, as
in Fig. 10(b), one finds that the events are distributed
along the diagonal line while selecting on M'&0 yields
events most consistent with the Zo~++ hypothesis as
shown in Fig. 10(a).

Similar results were also found for the Z'E+E 6ts.
The 6nal de6nition of Z'E+E- events was that they
not bc RIQblguous with either thc AK+m' ol' AE+E
hypotheses and that they have an analogously de6ned
missing mass 3P&0. The Z' events thus selected show
small amounts of pa, FI*+(1385),and p production as
seen in Fig. 1j.. Cross sections derived from these plots
were increased by 20% to account for events with 3f'+0
and 30% to account for the diBiculty in kinematic
6tting of Zo hypotheses, and are given in Tables III

. and IV.

f.4—

0 ~
0

I I

f.6
F~TTEO M (h ~ ), GeV

}

2.0

Fxo. 10; The unitted Amo mass versus the 6tted AQ mass for
aii the Z'v+v /hv+n v ambiguities after removal of events with
four-constraint its at 5.5 GeV/c. (a) Events with %~&0 where
3f is defined in E +p ~A+m++m +3f. (b) Events with N»0.

VL KINEMATIC FITS TO THE
A,m+e eo HYPOTHESIS

A. Resolution of Ambiguities

There were 810 6ts to the Am+m
—vr' hypothesis at

4.1 GCV/c of which 65% were unique, and 2/11 fits
at 5.5 GCV/c of which 45% were unique. The major
ambiguities mere with the A.x+m y and AE+E mo 6nal
states. In addition multi-xo 6nal states contaminate
the sample as discussed belom. Events were removed,
from the above sample if they 6t the A.x+m or AE+E
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FIG. 11.Mass histograms for a selection of Zoo++ fits with M'&0, as defined in Z +p ~ A.+m++m +M, after removal of events
with four-constraint fits, as well as for a corresponding selection of Z'E+E fits. (a) The Zo~+ mass for 41 Z'm+x events at 4.1 GeV/c.
(b} The s+s mass for 41 Z's+s. events at 4.1 GeV/c. (c}The E+E mass for 5 Z'E+E events at 4.1 GeV/c. (d} The Z's-+ mass for
89 Z's+s events at 5.5 GeV/c. (e} The s+s mass for 89 Z's+s events at 5.5 GeV/c. (f} The E+E mass for 23 Z'E+E events at
5.5 GeV/c.
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hypotheses, or if they 6t the Z'm+m or Z'E+E
hypotheses with 3P&0, or if they were among the
Ape' events discussed in Sec. VIII. The only major
ambiguity left to consider is the Ax+m q hypothesis.

From an examination of the missing neutral mass
distributions shown in Fig. 12, it is evident that the
missing q hypothesis is a valid one. The number of real
Ax+m. q events where the q decays into all neutral
particles can also be estimated from those Ax+m q
events where the g decays into m+vr m' or 7t+x y." In
this manner we estimate the number of Ax+a g events
where the g decays into RB neutral particles to be
60&30 at 4.1 GeV/c and 330&100 at 5.5 GeV/c, with
less than half of these expected to give Gts to the
Ax+a mo hypothesis, This is consistent with the ob-
served g peaks shown in Fig. 12.

The contamination from multineutrals was estimated
from the asymmetry of the missing-mass-squared dis-
tribution about the value expected for a single missing
xo. The multineutral contamination gives an excess of
events with a mass greater than one xo mass. The final
number of A~+x m' events estimated is 700~100 at
4.1 GeV/c and 2000&300 at 5.5 GeV/c.

l

(o) 4.l GeV/c

50—

lO-

~
1,

I'

tb) 5.5 GeV/e

The ambiguities contained in the Am events were
considered in detail in Ref. 6. In particular, it was
concluded that any Z'cv events contaminating the A~

peak were small in number and the same conclusion
remains true for the present data. The essential point
is that for Z'+ events the un6tted mass recoiling from
the A. does not give a sharp peak in the region of the +,
as can be seen in Fig. 13.

(fi)
A n+vr vr'

20—
50-

RO—

UJ o
zo -"~ ~C)

C$ IWW

$0—

I I I

0.9 f.2 ).5 1.8

M(v v TI ),Gev

2,f

FAKE X

FIG. j.4. The ~+m ~0 mass for a selection of A~+x m events after
removal of: events fitting four-constraint hypotheses; events
fitting the Z0~+x hypothesis with M'&0, where M' is defined in
E +p-+A+a+++ +3I; all 6ts with M&0.42 GeV; and any
Am+sr ~/AE+E m ambiguities containing the A~ events which
had 6'(p) &j. (GeV/c}~ {see Fig. 27). (a) 700 events at 4.1
GeV/c. ib) ~1900 events at 5.5 GeV/c.

0.96
UNFiTTED MMO, GeV

FIG. Ia. The un6tted missing mass BED, defined in E' +p ~
4+WM0 for (a) A~+~ m-' its, (b) Ace events generated by zAKz,
and (c) Z co events generated by FAKE, all at 5.5 GeV/c. Without
measurement errors true Zoo events have M%0 ranging from 0./9
to 1.35 GeV.

' D. Reeder, University of Wisconsin (private communication).
We thank Professor Reeder and his co-workers for allowing us to
use their results which are based on analysis of four-prong +1/'
events in the same film.

B. Disi)lay of Data

The A+ final state can be seen in the mass histogram
of Fig. 14 and the Chew-Low plots of Fig. $5. There is
also a somewhat smaller signal for Aq in these plots.
Evidence for p and i' t*(1385) production can be seen
ln Figs. l6 RIll 17. Associated production of I p wRs

then searched for. The Y*+p 6nal state can be seen
easily in the triangle plot in Fig. 18. The deinition of
associated production that we are using is an obser-
vation of an excess of events in the overlap region of the
I'* and p bands which is above that expected from the
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Fro. Is. Chew-Low plots for the m+m x0 system for the events described in Fig. I4.
The events have been weighted as described in Sec, II B.

sum of the I'~+x xo and Am+p events. "A small amount
of I'*Op' was found in a similar triangle plot in Fig. 19.
The observation of 70 Y*+p events at 5.5 GeV/c
indicates that there should be 17 I'*Op' events as-
suming exchange of a half-unit of isospin. The 30&20
I'*'p' events which are observed satisfy this require-
ment within the limited statistics.

Thc pl oductlon of F p+ was lnvcstlgatcd by se-
lecting the Am to be in the region of 1385 MeV and
then looking at the production angular distribution of
the meson system. In I'ig. 20 an excess of p+ events
can be seen in the backward direction, presumably
arising from baryon exchange. A comparison of similar
distributions made when the Avr is not in the region
of 1385 MCV indicates that the p+ seen in Fig. 20 is
essentially all associated with Yz* (1385).On the other
hand, there is apparently no backward production of
Y&*+(1385)p, as seen in a similar plot in Fig. 21.

Higher resonances decaying into the observed I"*or
p were searched for by making Dalitz plots of the quasi-
three-body states Y~*+(1385)m ~', Y~*'(1385)~+m,

"This neglects any interference between the P'xm, Ape, F p,
g,r).d background amplitudes.

Am.+p, Axopo, and Ax p+. The 6nal state involving I'*-
yielded no further information beyond the associated
production of I'* p+ previously discussed. At 5.5
GeV/c, it appears from the Dalitz plots of Figs. 22(a)
and 22(b) that there is an enhancement at a mass

1700 MeV in both the Y~*+(1385)~'and Y~*'(1385)n+
Anal states. However, the situation is complicated by
the fact that the Y&*+(1385) and Y,~'(1385) mass
bands intersect in the middle of the Az+x' Dalitz plot
when the A7r+7(-0 system has a mass of 1695 MeV, as
shown in Fig. 22(c). In this case, there is the possibility
of interference in the overlap region of Y~*+(1385) and
Y&*'(1385), Furthermore, there is some evidence that
the Yq*(1660) decays through the Yq*(1385)m. mode. "
Thus any attempt to interpret the enhancement in the
Yq*(1385)a mass spectrum at 1700 MeV as being
due to a Y*m decay mode of the Y*(1695) may be
subject to large systematic errors. In any case the
possible amount of Y~*'+(1385)~+' enhancement is

'W. H. Sims, Florida State University (private communi-
cation). Dr. Sims and co-workers at Florida State, Tufts, and
Brandeis Universities have evidence for I'1*(I660)~ I'1*(1385)x
in a formation experiment which substantiates the q assignment
of the I,*{1660).



1976 M 0TT et al.

50— I I I

(o) 41 G+g
I

100
I I I

(Il) 5.5 eeV/g

60-

IO-

ol
4.2 O.5O O.eo 1.1O 1.40 1.7O

M(==)N
0.20 OM 080 I.IO 1.40 l.70 RA)0

M(e+r ),GeV

I

(1)4.l~c
I loo—

(i) 5.5 SgV/g

l

60—

~o- ~
I

yEI'

l0— 20—

I

4 rW
O.IO OAO O.IO I.IO 1.40 1.70 2.0O

M(~, GaV

IO- I I I

(c) 4.1eewo

I 100— I I

~ (0) 5.5 GOV/c

80—

O r E3N
0.20 0 50 0+0 UO I.40 l.70 RA)0

M(H~), 6eV

Fn. 16. Meson mass projections for
the he+a vr' Anal state. The events are
the ones described in Fig. 14 and in
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removed. (a) The ~+m mass at 4.1
GeV/c. The shaded area contains 353
events after subtraction of 314 hp vr,
hp ~+, Yg*+(1385)m m, PI,* (1385)-
m+m, and Y~* (1385)~+m events. (b)
The m+m mass at 4.1 GeV/c. The
shaded area contains 369 events after
subtraction of 298 hp+n=, h p x+,
F&*+(1385)x w', Fq*'(1385)~++, and
F~* (1385)m+m events. (c) The m mo

mass at 4.1 GeV/c. The shaded area
contains 418 events after subtraction
of 249 h.p+m, h.p m. , FI*+(1385)m ~o,
FI* (1385)m+~, and Y~* (1385)x+m-
events. The solid curve is a best 6t to
the shaded histogram for phase space
and one Breit-Wigner resonance for
the p using the mass and width given
in Ref. 13. The relative contributions
are 72% phase space and 28% p .
(d) The m+m' mass at 5.5 GeV/c. The
shaded area contains 1148 events after
subtraction of 717 h p vr, Ap x+,
Fq~+(1385)vr n, Fq*o(1385)gr+rr, and
Fg* (1385)~+m' events. (e) The x+x
mass at 5.5 GeV/c. The shaded area
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of 675 hp+~-, hp-~+, F,*+(1385)~-~o,
Fx*o(1385)~+w, and Fq~ (1385)g+m.o

events. (f) The m xo mass at 5.5
GeV/c. The shaded area contains 1296
events after subtraction of 569 hp+x,
hp'&', Fx*+(1385)m m, Fi* (1385)-
~+m, and FI* (1385)~++ events.
The solid curve is a best it to the
shaded histogram for phase space and
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TABLE V. Cross sections derived from Ax+m g' events.

Reaction channel

Total No.
of events

4.1 GeV/c 5.5 GeV/c

700~100 2000+300
8~ 4 3+ 3

Weighted No.
of events~

4.1 GeV/c 5.5 GeV/c

640+105 2260+389
8+ 5 3+ 3

o (pb) for decay
into particles

observed
4.1 GeV/c 5.5 GeV/c

1050+214 465~85
13~ 8 0.6~0.6

o (pb) corrected
for other decay

mod esb

4.1 GeV/c 5.5 GeV/c

48+30 2~ 2

Are

m+m vo

Ago

p x+
F,*+(1385)p-

h.m+

Fi* (1385)p'

h.x
F + (1385)p+

A~
Fj*+(1385)n ~0

x~+
Fi*'(1385) +

F* (1385) + 0

37+ 8 80+ 10 30+ 7 92+ 13 49+ 13 19+ 3

&5 &10 &10 &8 &2

13+ 15 30+ 2Q 13+ 17 30+ 23 21+ 27 6~ 5

15~ 8 30~ 14 25+ 14 6+ 3

88~ 33 280+ 52 72+ 31 296+ 63 118+ 53 61+14

75+ 33 149+ 54 75~ 38 149~ 62 123+ 64 31+13

31& 35 37& 58 25+ 32 43+ 78 41+ 53 9a16

35+ 17 70+ 25 39+ 22 74+ 30 64+ 37 15+ 6

54&14 21+ 3

&18

70+41 16+ 7

23&30 7+ 6

27+15 7+ 3

130+58 67+15

135+70 34+14

45+58 10+18

Am

h.p+m-
Ap~~o

Ap m+

50+ 41 186~ 63
69+ 46 243+ 75

176+ 36 299~ 60

46~ 43 212+ 83
64+ 49 271+ 96

163~ 38 352~ 81

75~ 71 44+33
106~ 82 56+20
267~ 70 73+17

75~71
106+82
267~70

44+33
56+20
73+17

' Calculated as described in Sec. II B, using events from a restricted fiducial volume containing 20% less events than the observed total of the previous
column.

b Reference 13.' Numbers quoted for AA~ are at the 70% confidence level.

TABLE VI. The AX cross sections.

Observed particles

Am++ g

all neutral
h.p'y

Total No.
of events

4.1 GeV/c 5.5 GeV/c

15+4 31+6

20~6

Weighted No.
of events'

4.1 GeV/c 5.5 GeV/c

14+4 31+6

20+6

o (pb) for decay
into particles

observed
4.1 GeV/c 5.5 GeV/c

23a6 7+2

o (p,b) corrected
for other decay

modesb

4.1 GeV/c 5.5 GeV/c

72+20 20+4

& Calculated as described in Sec. II B, using events from a restricted fiducial volume containing 20% less events than the observed total of the previous
column.

b Reference 13.

TABLE VII. Cross sections derived from the AE+E xo events.

Reaction channel

Fy*'(1385)qb

Total No.
of events

4.1 GeV/c 5.5 GeV/c

18+6 78+15
3&3 18+ 5

Weighted No.
of events'

4.1 GeV/c 5.5 GeV/c

18+7 80+17
3&3 18~ 6

o (pb) for decay
into particles

observed
4.1 GeV/c 5.5 GeV/c

30+12 17+3
5~ 5 4~2

o (p,b) corrected
for other decay

modesb

4.1 GeV/c 5.5 GeV/c

64+26 36+6
12+12 9+5

& Calculated as described in Sec. II B, using events from a restricted fiducial volume containing 20% less events than the observed total of the previous
column.

b Reference 13,
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best estimated from Fig. 23, where events in the overlap
region of F&*+(1385) and F&*'(1385) have only been
counted once and 471-p have been removed.

We now turn our attention to the Amp 6nal states.
Dalitz plots of the A~+p are shown in Fig. 24. We note

that there is an absence of strong A2 production in the
x+p projection. Dalitz plots of Ax' p'+ events have
also been examined but are complicated by the fact
that the strong Am+p production simulates an enhance-
ment in the m p+ system at the A2 mass. '

I I
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FIG. 17. Bayron mass projections for the Am++» final state. The events are the ones described in Pig. 14 and in addition have had
Ag and Ace events removed. (a) The Am+ mass at 4.1 GeV/c. The shaded area contains 377 events after subtraction of 290 Ap+~, Ap'»0,
Ap ~+, F&*'(1385)sr+», and Fi* (1385)»+m' events. The solid curve is a best fit to the shaded histogram for phase space and one Breit-
Wigner resonance for the Fi*+(1385)using the mass and width given in Ref. 13. The relative contributions are 86% phase space and
14% F&*+(1385). (b) The Am' mass at 4.1 GeV/c. The shaded area contains 369 events after subtraction of 298 Ap+x', Ap 7r, Ap»+,
F&*+(1385)m», and Fi* (1385)m.+» events. The solid curve is a best fit to the shaded histogram for phase space and one Breit-Wigner
resonance for the Fi (1385) using the mass and width given in Ref. 13. The relative contributions are 88% phase space and 12%
F&*'(1385). (c) The A» mass at 4.1 GeV/c. The shaded area contains 345 events after subtraction of 322 Ap+», Ap'm', Ap w+,
F&*+(1385)»»', and Fi*'(1385)»+~ events. The solid curve is a best fit to the shaded histogram for phase space and one Breit-Wigner
resonance for the Fi (1385) using the mass and width given in Ref. 13. The relative contributions are 95% phase space and 5%
F&* (1385). (d) The A»+ mass at 5.5 GeV/c. The shaded area contains 1212 events after subtraction of 653 Ap+m. , Ap m, Ap»+,
Fi*'(1385)m+x, and F&* (1385)m+»' events. The solid curve is a best fit to the shaded histogram for phase space and one Breit-Wigner
resonance for the Fi*+(1385) using the mass and width given in Ref. 13. The relative contributions are 85% phase space and 15%
F&*+(1385). (e) The A»' mass at 5.5 GeV/c. The shaded area contains 1176 events after subtraction of 689 Ap+x, Ap m', Ap m+,
F&*+(1385)»»',and Fi* (1385)m+m' events. The solid curve is a best fit to the shaded histogram for phase space and one Breit-Wigner
resonance for the F~*'(1385}using the mass and width given in Ref. 13. The relative contributions area 92% phase space and 8%
FP (1385). (f) The A» mass at 5.5 GeV/c. The shaded area contains 1118 events after subtraction of 747 Ap+m, Ap», Ap»+,
Fi*+(1385)m»', and F&*'(1385)»+m events. The solid curve is a best fit to the shaded histogram for phase space and one Breit-Wigner
for the Yi* (1385) using the mass and width given in Ref. 13.The relative contributions are 90% phase space and 10% Fi* (1385).
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TABLE +III. Cl'oss scctlons for ploductlon
in the backward hemisphere.

Pro. 1'I. (colicleed)

TABLE IX. Density matrix elements in the
A+vector-meson 6nal states.

g6a, b

7&3
&lb

g]b,e

og (pb) corrected for decay
modes not observed ln

this expt. '
4.1 GeV/c 5.5 GeV/c Ap' 4.1

5,5
4.1
5.5
4,1
5.5

Incident
Final momentum
state (GeV/c) pll

0.40~0.06
0.47&0.03
0.50'0.07
0.30~0.06
0.16+0.13
0.35'0.07

—0.10a0.11—0.19a0.08
0.25~0, 17
0.11&0.10
0.25~0.16
0.17+0.12

—0.12~0.07—0.08+0.05
—0.12~0.09—0.17&0.06
—0.10+0.11

0.02~0.08
Ace

wXO

Fl~+(1385)x
Fl~+(1385)p
Fl'-(1385)~+
Fl~ (1385)p+
F,*+(1695)~-

Ax+

a Reference 13.
b A11 upper limits are at the V0% confidence 1evel.
e Estimated only. for the decay modes indicated.

Cross sections for all of the above states are sum-
IQarized in Table V.

.VII. KINEMATIC FITS TO THE A.~+~ q AND
A.m+e y HYPOTHESES: A.X FINAL STATE

Figure 12 shows distributions of the un6tted neutral
missing mass Me in the reaction X +P-+A.+w+
+w-+M' for all events with an identified A. From

this lt ls cvldcnt that there arc a signj6cant number of
events with a missing q. Thus our sample of g~+~-&
6ts will include events with a genuine mjsslng & ln
addltlon to spullous 6ts carved out of thc multjneutral
continuum by the kinematic 6tting program

The kinematic fits to the 3m+m y hypothesis were
unique when tllc %+K g invariant IQass was Ilcar
Jo mass. In Fig. 25 the distribution of the m+x g in-
val'larlt, mass, when thc Inissing IQass llcs between 0.$
and 0.6 GeV„ is pr'esented along with background cstj.-
mates made from events in neighboring regions. TheJ' events were entirely peripheral with no backward
peak as seen in the Chew-I. ow plots of Fig. 26.

In addition to the hypotheses listed in Table I, we
also tried the hypothesis Ax+sr-y on all events for which
the mass recoiling against the A. lies between 0.6$ and
&.26 GeV. In this manner it was possible to study the

TABLE X. Density matrix elements in the Fl*+(1385)m Anal state.

This experiment
Stodolsky-Sakurai prediction
Absorption-model prediction

p3s
4.1 Gcy/~ 5.5 GCV/c

0.28~0.09 0.22+0.06
0.375

0.27

RCP3 1
4.1 GeV/c 5.5 GeV/c

0.15+0.09 0.14+0.06
0.216

0.21

Repeal
5.5 GCV/&

0.19~0.10 0.06~0.05
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FIG. IS. Triangle plots showing the F~+p enhancement. The events are those described in Fig. 14 and
in addition have had Ag and Aeu events removed.

decay X'—+x+m y. For such events the principal
ambiguity is with the Ax+m xo hypothesis. A detailed
discussion of our X' results, including a treatment of
ambiguities, has already been presented elsewhere"
and is summari7ed in Sec. IX K.

Cross sections for the AX' 6nal state are given in
Table VI.

VIII. KINEM~VIC FITS TO 7HZ ~X+Z-&0
HYPOTHESIS: FII'(1385)lf FIÃAI STATE

The AE+E Ir' 6ts at 5.5 GeV/c -show strong evidence
of peripheral ill production as may be seen in Fig. 27,
where a Chew-l, ow plot for the E+E—system is pre-
sented along with a projection of the plot onto the mass
axis. A very sharp lfl peak is evident and may be readily
isolated from the background by a forward peripheral
cut, as indicated in the 6gure.

For these events, the ambiguities were prnnarily
with the A.x+m vr' and the Ax++ g hypotheses. The
interpretation is further complicated by the fact that
when events which have a E+E; invariant mass lying
between 1000 and 1040 MeV are interpreted as w+w —,

» R. E. P. Davis, R. Ammar, J. Mott, S. Dagan, M. Derrickj
and T. Fields, Phys. Letters 278, 532 (1968).

one obtains a mx invariant Inass between about 325
and 430 MeV. Thus the peaking in the invariant-mass
distribution of the two charged particles is subject to
alternate interpretations either as p —+E+E or as a
possible "0 enhancement" in the ~+~ system. The
ambiguities were resolved by looking at the mass of
the missing neutral which is expected to be the m or q
when the two charged particles are interpreted as ~+x
and is expected to be the mo when two charged particles
are interpreted as X+E . The mass distribution of the
missing neutral showed no peak at all in the former case,
but showed a sharp ~' peak in the latter case, indicating
that the events as a whole were AltIIro and they were so
assigned.

The reaction X +p —o I'Io'(1385)+lfl clearly occurs
at 5.5 GeV/c, as can be seen in the Dalitz plot of Fig. 28.

The cross sections for Alf II' and FII'(1385)g at both
momenta are given in Table VII.

Ix. DISCUSSION AND CONCLUSIONS

A. General Characteristics of Thoro-Body Final States

A general feature of these data is that for two-body
final states the production angular distribution of the
meson system is forward peaked as expected from a
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FIG. j.9. Triangle plots shopping the F Opo enhancement. The events are the same as those in Fig. 14 and

in addition have had Aq and bc' events removed,

single-meson-exchange process. This is seen in Fig. 29
for the 11+meson fina states. In some cases there is also
a smaB backward peak, indicating that baryon exchange
occurs as a less frequent production process.

In the case of the Alfl and hX' final states, the back-
ward peak seems to be completely absent. The lack of a
backward peak in the Ap final state has also been ob-
served in 3.0 GeV/c (Ref. 2) and 3.5 GeV/c (Ref. 3)
E p interactions and indicates a weak 1V1TI'lls coupling
in agreement with quark and ~-p mixing models. "
Combining the data at 4.1 and 5.5 GeV/c, the following

90% confidence limit for production in the backward
hemisphere is obtained:

ott(E P ~/trts) &0.15ots(E P ~ Ace).

The production of I'*+x and F*+p 6nal states show
characteristics similar to the 6+meson reactions, as
can be seen in Fig. 30.

The Fit+(1385) resonance decaying into Asr+ is
copiously produced at both 4.1 and 5.5 GeV/c, as
shown in Figs. 3 Rnd 4. Thc dominance of onc-meson
exchange over baryon exchange is also consistent with
the fact that the negative member of the isospin

'8 H. M. Fried and J. G. Taylor, Phys. Rev. Letters 15, N9
(j.965};N. J. Papastamatiou, Nuovo Cimento 41, A625 (1966}.

multiplet, Fi* (1385), which cannot be produced via
the exchange of any single known meson, is not seen
at either momenta although it can be produced by
baryon exchange.

Thc OQly I 6nal stRtc 1Q wh1ch baryon exchange
appears to be important is I'it (1385)p+ production.
This is also seen in the 6-GeV/c data. ' In comparison
F~ x+ production is relatively small. These processes
can proceed by either S or 6 exchange, but 6 exchange
does not appear to be important since backward F +m-

and I'~+p—production, which can only proceed via 6
exchange, have zero cross sections within errors. One
therefore concludes that the E/p coupling is larger
than E¹at a momentum transfer of 7 (GeV/c)'.

A summary of the backward cross sections is given
in Table VIII.

In add&tron to the peripheral nature of the angular
distributions, one observes a marked falloff of the two-
body cross sections with increasing beam momentum
as previously observed. '9

'9 M. Derrick, L. Hyman, J.Loken, T.Fields, F.Schweingruber,
R. Ammar, R. E. P. Davis, J. Mott, and C. Sun, in ZroceeChngs of
the Second Topecltt Conference on Resonont Particles, Athens, Oheo,
i%65, edited by B. A. Munir (Ohio University Press, Athens,
Ohio, 1965}, p. 325; D. R. O. Morrison, CERN Report No.
CERN/TC/PHYSICS 66-20, 1966 (uupublished).
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3. Exchange Mechanism in the A.g', A.w, and
AP Final States

Because of the forward peaking in the Ap', Ace, and
Ap 6nal states the production mechanism can be ana-
lyzed by means of a one-meson-exchange model. For
the vector mesons considered, the angular distribution
of the decay of the meson resonance is"

ii l(~)4) =CLp11 sm ~+ (~ 2pn) cos 8—py-y sm 8 cos2(jb
—V2 Repro sin28 conj.

For a two-body decay such as p' —+ m+~—,the angles 6
and p are the usual polar and azimuthal angles of the
decay pion in the rest system of the resonance, the s
axis being taken as the direction of the incident E,
the y axis as the direction of the normal to the pro-
duction plane, and the x axis completing the right-
handed coordinate system. In the case of the au which is
observed in the three-pion decay mode, the angles 8
and @ are the polar and azimuthal angles of the normal
to the decay plane in the rest system of the resonance.

The average values of cos'8, sin'8 cos2qb, and sin28
geo& were found from the experimental data and the

values of p~~, p~ ~, and Repro were obtained in the usual
manner. "The results are summarized in Table IX. It
is seen that pj~ is usually near its maximum value of
O.S. In cases where the exchanged particles have natural
parity and no absorption is present, 2p~~ is the fraction
of vector-particle-exchange process and 1—2p~~ the
fraction of pseudoscalar-particle-exchange process.
However, in the present experimental data, absorption
e8ects appear to be important since the dependence
of the di6erential cross sections on momentum transfer
are more sharply peaked than one would expect from
the propagator of the exchanged particle. Figure 31
illustrates this fact for the data available at 5.5 GeV/c.
In these cases the Ap and Acr data are consistent with
d0/dk~exp( 3) t )—).

(a)
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20K. Gottfried and J. D. Jackson, Nuovo Cimento 33, 309
(1964).

Fn. 20. Chew-Low plots for the m+x system for a selection of
p~+w w' events with the A~ mass in the region of 1385 Me&.
The events have been weighted as described in Sec. II 3.

0.0-
l I I I l I t I I

0.0 0.5 l,0 l.5 2.0 2.5 3.0 3.5 4.0
M Cv-r'}, GeV

FIG. 21. Chew-Low plots for the m m system for a selection of
A~+~ Q events with the A.x+ mass in the region of 1385 Me&.
The events have been weighted as described in Sec. II B.

"N. Schmitz, in Proceedings of the 1965 Easter School for
Physicists, CERN Report No. CERN-65-24, 1965.
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~G 22 (a)»d (b) are Dahtzplots
' (j385)~+'~ system corj-

tained jn the A~+~-~0 its at 55
Ge~/~ (c)»»t~ plot of the A +~&
system for those A~+~-~o 6ts at 5 5
GCV/c for which the Am+H have the
invariant mass oi the F&~+(1695) and

(GCV/c)~.

l s I

Q) 7.0 90 I LO

M (Y"~ll305)~ 3Is~
I 0 5.0 5D 70 SA) l IA)

M tWtessw+t, SAI

C»s«m«es «&i*+(i38S)~-, Z,*+(i38S)6,-,
end ~t* (&3%)p production

In general for a sp&n-~ resonance thc decay angular
distribution expected is~0

~'sn(e, @)=CI:pss»n'~+ (s—p») (a+cos'i )
—ssVS Reps t sins& cos2$——sv3 Repst sin2p c»4'3.

Ybc coord1natc systcIQ 18 similar to the one dc~net &&

Scc. IX 8 except t4at the 8 direction is now «~ncd as
tlm direction of the incident baryon in the c.m.. System
of tlM resonance.

Stodolsky and Sakurai' have treated»ryo»cso-
nance production by analogy v6th the photoprod&cti»
Of piOnS in the reaetiOn yX —+E ~+& ~biCh is
dominated by the IIIj magnetic dipole transition The
assumption of vector-meson exchange I the production
process Kith M j. dominance makes de6nite predict'ions
for the density matrix elements for the decay of a 2+
resonance~ GaxMlyq

»s= a=03&5, «ps t= a&=0.216, Repst ——0

~th thc corrcspond1ng decay angular distribution

~s(s'(8,4)=C'(1+3 sinse sinsy)
=C'(1+3 cos'8'),

@&herc for siloplicity the angular distribution has been
paranMtrized in terms of g' the angle of the decay pion

l.5 M RA R.4 RZ

aa (Ave+),~

&0- g

p,O 2.5
M(A~+~o), GeV

ta.

ao- ~'~

i i

)5 20 25 30
58 (A or+~ ), GeV

p&G. 23. (a) Thc A~+&0 mass plot of 344 A~+~ ~0 Gts at 5.5
Gep/g for which thc Ag+ or the AK Ina,ss llc in thc region of 1385
Me@ after the removal of A~+p- and A~op' events. The events in
thc overlap region of Pig. 22(c) have only been entered once.
solid curve represents phase space after the removal of Ax+p

and A+p0 events. (b) The Am+sr mass plot of 341 Am.+x ~0 its at
5.5 GCV/~ for which the Am+ or the Am. mass lie in the region of
Q85 MCV after the removal of Acr+@ and Ax p+ events. The
events which simultaneously lie in the 1385 MeV region of the
A~+ and Aw ma, ss ha,ve only been entered once. The solid curve
represents phase space after the removal of A~ p and A~ p
events.
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in the I'~ c.m. system with respect to the normal to the
production plane.

The production of ~+ baryons have been found to be
successfully described at lower momenta by this
model. ' "The same model continues to be a successful
descrtption of the Ft*+(1385) production and decay at
thc momenta of the present experiment. Figurc 32
shows the experimental distributions in cos8' and the
Treiman-Yang angle P along with the best fit curves to
the distribution Wsts (8,&).

As for the h.+meson final states, the production
angular distribution for Fe+meson final states is more
sharply peaked than expected from the propagator of
the exchanged particle. Figure 33 shows the data for
the Fr*+(1385)s, Fq*+(1695)s, and Fq*+(1385)p
6nal states. The F*x 6nal states are consistent with
do/Ct ~ exp( —3

~
t

~ ), similar to the Ap and Ace final states
previously discussed. The I'~p Qual state may be ex-
hibiting a turnover in the di8erential cross section near
the minimum momentum transfer.

Because of the above observations the absorption

model of Jackson et al.ss of E*(890) exchange with ~1
dommance was apphed to the Fl*+(1385)rr
The starting point of the calculation is the so-called
magic formula of Sopkovich'4 which gives the expression
for the partial-wave amplitude

~r"= (~rrr)'ls&r" (~"r) ls.

Here By;& is the partial-wave Born amplitude and S;,&
and Spy& are the elastic S-matrix elements for the initial
and 6nal states, respectively. The exponential decrease
of the elastic-scattenng angular distribution and
imaginary character of the forward-scattering ampli-
tude lead to a single expression for the clastic-scattering
5 matrix. This is given by

Sr= exp(2ibr) = 1—C expI —y(j—-')'j
where

C=og/4rrA, y= 1/2qsA.

Here 0-& is the total scattering cross section for the
initial- (final-) state particles. The parameter A speci-

Tsnzz XI. Density matrix elements for F&*i1385l+vector-meson production.

Final state

Z,*+(1385)p-

F,*o(1385)y

Beam
momentum

(GeV/~)

4.1
5.5
4.1
5.5

0.31+0.10
0.24~0.06
0.29~0.22
0.07+0.13

Repe-I

0.07+0.10—0.08+0.05
0.36+0.21—0.04+0.12

—0.09+0.10-0.13~0.06
—0.34+0.15—0.02~0.15

0.30+0.06
0.25+0.04
0.24+0.15
0.30+0.08

-0.47~0.08—0.37+0.05
0.12~0.20—0.07~0.12

Repgo

—0.33~0.09—0.33+0,05
—0,10~0.21—Q.02+0.12

G. B.Chadwick, D. J. Crennell, W. T. Davies, M. Derrick, J.H. Mulvey, P. B.Jones, D. Radojicic, C. A. Wilkinson, A. Bettini,
M. Cresti, S.Limentani, L. Peruzzo, and R. Santangelo, Phys. Letters 6, 309 (1963);Brandt Kehoe, Phys. Rev. Letters ll, 93 (1963).» J. D. Jackson, J. T. Donohue, K. Gottfried, R. Keyser, and B.E. V. Svensson, Phys. Rev. j,39, 3428 (1965).~ N. J. Sopkovich, Nuovo Cimento 26, 186 (1962).
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6es the elastic-scattering exponential fallo8 in the form
do/dt exp( A~t~), an—d q is the c.m. momentum of
the incident particles. The initial-state parameters may
be obtained from the measured total cross sections"
and elastic angular distributions. " Ke have used
C;=0.61 and y;=0.039 at 4.1 GeV/c and C;=0.59 and
y;=0.027 at 5.5 GeV/c. The 6nal-state parameters are
not known but calculations indicate that the production

Final
state

Beam
momentum

(GeV/c) P 11+Pl-1 SP33+f ReP3-1

angular distribution is fairly insensitive to reasonable
values of yy so that yf=y; has been used. Figure 33
shows that the production angular distribution re-

TAszE XII. The Fl*(1385)+vector-meson density matrix
elements compared with the predictions of the independent-
quark model. '

"W. F. Baker, R. L. Cool, E. W. Jenkins, T. F. Kycia, R. H.
Phillips, and A. L. Read, Phys. Rev. 129, 2285 {1963);A. N.
Diddens, E. W. Jenkins, T. F. Kycia, and K. F. Riley, ibid. 132,
2722 (1963).

36 J. Mott, R. Ammar, R. Davis, W. Kropac, A. Cooper, M.
Derrick, T. Fields, L. Hyman, J. Loken, F. Schweingruber, and
J. Simpson, Phys. Letters 23, 171 (1966).

Z' *+(1385)P

I';0(1385)@

a ReferenCe 27.

4.1
5.5
4.1
5.5

—0.17~0.10—0.12~0.06
0.36'0.25
0.23+0.15

0.57+0.25
0.14a0.15
1.2 +0.6
0 ~03
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these cases the decay angular distributions of the baryon
and meson resonances are expected to be correlated. In
particular the independent-quark model predicts'~ that

P11+P1-1 s /3 Rep8-1+ apse

for F1~(1385)+vector-meson production. The data on
the F*p and F~p final states are summarized in Table
XII.

D. Properties of the F,*(16N)

In addition to the well-known resonances previously
discussed there is clear evidence in the S.S-GeV/c data
for a Ax+ enhancement at a mass of 1700 MeV which
we have previously reported7 and which has since been
confirmed by others'' This may be seen at 3I'(Am+)

2.9 GeV' in the Dalitz plot of I'ig. 3 and more clearly
in Fig. 4, which shows the invariant-mass distribution
of the Ax+ system. Observation of the production

TABLE XIV. i, the forward hemisphere cross section
normalized to Ap0 phase space.

2.0—

l.Q—

~ ~ ~ ~ g ~ ~ ~ i ~ ~ g 4 ~ ~ ~
~ ~ 4f g

QQ ~ t S"4o ~ 'i'' ~ ~"
~M

I l I l l l l 1

).0 I.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
M (w m g), 68V

Flo. 26. Chew-Low plots for the m+~ g system, where the un-
6tted M', de6ned in E +p ~A+x++vr +M, is required to lie
between 0.25 and 0.36 GeV'. The events have been weighted as
described in Sec. II B.

quires the maximum value of C~ ——j.. Using these
parameters the effect of the absorption on the density
matrix elements is calculated as a function of pro-
duction angle. Averaging these results over the interval
—1.0&cos8& —0.5 in the production angle yields the
theoretical values shown in Table X, where results of
the analysis described in Sec. IX 8, to Gnd the values
of p33, Rep3 y, and Rep31 for the experimental data, are
also given. The agreement of the 5.5-6eV/c data with
the predictions of the Stodolsky-Sakurai model are
seen to be quite good when absorptive eGects are taken
into account.

In addition to the F~m Gnal states the density matrix
formalism has been applied to the F~p and F~g final
states and the results are summarized in TaMe XI. In

TABLE XIII. Properties of known resonances
measured in this experiment.

Final state

+OHIO

+0@

F1~0(1385}P0

F1*0(1385)qb

Beam
momentum

iGev/cl

4.1
5.5
4.1
5.5
4.1
5.5
4.1
5.5
4.1
5.5
4.1
5.5
4.1
5.5

%eighted No.
of forward

events

21+ 7
70+13
25+ 7
72&11
13+ 4
33+ 8

&4
]4+ 5
5+ 3
6+ 4

13+13
30~20
5+ 3

18+ 6

0 corrected
for other

decay modes
6 b)'

34+11
14+ 3
46+12
15+ 2
48~14
15+ 4

&8
3+ 1

21+10
3+ 2

29+29
8+ 6

28+16
11+ 4

a Reference 13.

In addition we find that the F 1~(1695)has a negligible

angular distributions of Figs. 30 and 33 also indicates
that the resonance is produced via a predominantly
peripheral mechanism similar to the F1*+(1385).

The Am+ decay mode estab'. ishes that the resonance
has unit isospin and a strangeness of —I, while its
lnass and width ale

3f=1700+20 MeV,
F= I30&25 MeV.

Particle

7P+ {1385)
y,~+(1695)

p0

X'

Mass (MeV)

1383+ 5
1700a20
1515~7
755&15
960+ 5

width (MeV}

31& 6
130~25
35&25

130&40

'7 A. Bialas and K. Zelewski, Phys. Letters 268, 170 (1968)."D. C. Colley, F. Macdonald, B. Musgrave, tv. M. R. Blair,
I. S. Hughes, R. M. Turnbull, S. J. Goldsack, K. Paler, L. K.
Sisterson, %. Kum, %. %. M. Allison, D. H. Locke, L. Lyons,
P. J. Finney, C, M. Fischer, and A. M. Segar, Phys. Letters 248,
489 (1967); M. Primer, M. Goldberg, R. Jaeger, V. Barnes, P.
Dornan, I. Skillicorn, and Jack Leitner, Phys. Rev. Letters 20,
610 (1968).



FIG. 2'E. Chew-Low plots of
the E+E system and the
E+E mass projections for the
AE+E m its. The shaded
areas re resent events with
dP (E+E &1.35 (GeV/c)~.
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branching ratio for decay into Zox+, nanmly,

LFI*+(1695)~Zen+]/fFI«+(1695) -«An+](0. 2,
with a 90% confidence level.

Based on the discussion of Figs. 22 and 23 given in
Sec. VI 3, we conclude that if the YI«(1695) decays
into YI*(1385)tr, then the upper limit on the branching
ratio is given by

p I«+(1695)~ Yi*s+(13s5)n+']/

$ Yl*+ (1695)-+ An.+](0.5.
From an analysis of 452 events satisfying the hy-

pothesis E p i Espy in the same sample of film, one
finds little enhancement in the 1700-MCV region of the
E'p invariant-mass distribution' as may be seen in
Fig. 34. This leads to an upper limit for the ratio

t YI*+(1695)—+ E'p]/LFI«+(1695) ~An+](0.2.
The small EIt/ coupling indicated by the K'p

blanching latlo may explRlll wily tile Fl (1695) bRS
Got bccn clearly obscl'vcd ln folIQatlon experiments.

"R. Armenteros, M. Ferro-t. uzzi, D. %. G. I.eith, R. I,evi-
Setti, A. Minten, R. D. Tripp, H. Filthuth, V. Hepp, E. Kluge,
H. Schneider, R. Barloutaud, P. Granet, J. Meyer, and J. P.
Porte, Phys. Letters 19, 338 (~1N5).
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I

5.5 GOY/c

~ p---,
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FIG. 28. A Dalitz plot of the A@m0 system contained in the
IIE+E ~' fits at 5.5 GeV/c, with a'(E+E )&1.35 (GeV/c)'.
g0E+E- fits with %~&0, deined in E +p ~A+E++E +M,
have been removed.
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The formation experiments do, however, show more
complexity in this mass region than can be explained
by the F~c(1660) and F~*(1765).'c This may be due
to the fact that the F"(1695) coupling to E1V, al-
though small, is large enough to lead to signiicant
interference sects.

An attempt has been made to determine the spin
and parity of the Fz*(1695) using a Byers-Fenster
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Fzo. 30. The production angular distributions, after background
subtraction, for the I ~*+(1385)m and I &*+(1385)p Gnal states
at 4.1 and 5.5 GeV/c and the Fl*+(1695)m and I q* (1385)p+
final states at 5.5 GeV/c. The events have been weighted as
described in Sec II B

analysis. " Such a determination is expected to give
best results for a sharp resonance having relatively
little background. The F~*(1695),however, is a rather
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FIG. 29. The production angular distributions of the Ap', Aced,

Ap, and AX' events after the subtraction of background. The
events have been weighted as described in Sec. II B.

'0 J. Meyer, in Proceedings of the Heidelberg International Con-
ference on Elementary Particles, edited by H. Filthuth (North
Holland Publishing Company, Amsterdam, 1968), p. 117,

1
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r

I
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"N. Byers and S. Fenster, Phys. Rev. Letters 11, 52 (1963).

FxG. 31. The production angular distributions in the forward
direction, after background subtraction, for the Ap0, Ace, Ap, and
A.x' anal states at 5.5 GeV/c. The events have been weighted as
described in Sec. II B.
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broad resonance with a fair amount of background. In
addition the Dalitz plot of Fig. 3 shows possible inter-
ference in the region containing the ps and f. Events
resulting from the free decay of Fr*(1695) are expected
to have a x+m mass distribution which is symmetric,
and this is not the case for the present data. This
asymmetry is also evident in the decay angles shown in
Fig. 35. For these reasons, and because of limited sta-
tistics, no firm conclusions regarding the spin and
parity of the Fre(1695) can be drawn from our present
data. In particular, we were not able to rule out spin ~~.

Finally, we have compared the decay angular dis-
tribution of the Fr*(1695) with the predictions of the
model of Stodolsky and Sakurai' as was done in Sec.
IX C for the Fr*(1385). However, in contrast to the
Fte(1385), which is known to be —ss+, the sPin and
parity of the Fr*(1695) are not known and in addition
the latter has an asymmetric decay as discussed above.
The predicted Ws/s+(0, &) distribution does not give
very good agreement with the data, as one may expect
from the distribution shown in Fig. 35.
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E. Properties of Other Resonant States

In addition to the Ft*(1695),discussed in the previ-
ous section, we have also investigated the properties of
several other resonant states. Table XIII presents the
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masses and widths (when measurable) of various states
observed with a su%ciently large signal in this experi-
ment. The data for the f* and X have already been
presented elsewhere, "~ and have been included in the
table for completeness.

For the X' we have also measured the branching
ratio'~

(X'-+ p'+y)/(X' -+ rr+s+rt) =0.31&0.15,

while for the f* the decay into EE was found to be
the dominant mode, ' with no significant evidence for
other decay modes.

F. Comparison with Cross-Section Predictions
of Various Symmetry Schemes

Because of the forward peripheral nature of the
two-body processes observed in this experiment, the
observed forward cross sections provide a test of the
independent quark model of Alexander, Lipkin, Scheck,
and others. "Two predictions of this model which can
be tested in the experiment, and for which preliminary
results have already been presented, ' are

o (E p-+ Aps) = o (K p -+ t).ro)-

I t

-1.0 -0.8 -0.6 -1.0 -0.8 -0.6 -1.0 -0.8 -0.6

cos 8
FIG. 33. (a)—(c) are the production angular distributions in the

backward direction, after background subtraction, for the
YI*+(1385)m, YI*+(1695)m, and YI~+(1385)p 6nal states,
respectively, at 5.5 GeV/c. In (a) the solid curve is a 6t to
do/'dt~ exp( —o~t(), where o=2./&04 (GeV/o) ', over the range
tt'= —0.02 to 1.20 (GeV/o)'. The dashed curves are absorption-
model calculations (Ref. 23) for the Qnal-state parameter Cf =0.5
and C/=1 0. In (b) the solid curve is a lit to do/dt ~exp( —o~tj),
where a=3.5+0.8 (GeV/c) ', over the range lP= —0.04 to 1.02
(GeV/c)'.

0
0

0
0

u(lt-p ~ /l. ttt') =3'(E-p ~Z're')

+o (K p ~ Ft*'(1385)ttt')j. (2)

FIG. 32. The Y&*+(1385)—+ A~+ decay angles in the Y1*+(1385)-
anal state. (a) and (c) are histograms of cos8' at 4.1 and 5.5

GeV/c, where t)' is the Stodolsky-Sakurai angle defined in Sec.
IX C. (b) and (d) are histograms of the Treiman-Yang angle @
at 4.1 and 5.5 GeV/c. The smooth curves represent the best 6t to
the data of the distribution 8'Ir2. (8,qb) dehned in Sec. IX C.

In these relations, mo is any neutral quark-antiquark
system and 0. is proportional to the square of the
transition matrix element. The quantity 0. was calcu-
lated by using only events in the forward hemisphere,
correcting for decay modes not seen in this experiment-
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FIG. 34. The square of the
E p mass in the four-constraint
E'P2f. fits at 5.5 GeV/c after
removal of E*(890) and
E*(1400) events. The solid
curve represents phase space
after the removal of the above
E* regions.

and scaling all results to the phase space available to
the Ap' final state, using a factor proportional to the
final-state c.m. momentum. "A comparison of the data
with Eq. (2) is limited by the fact that there is infor-
mation only on the F&*'(1385)p' and the F&*'(1385)P
final states. One more relation can be obtained by
assuming only E or E* exchange and provides a con-
nection between the A.P and Ap' or Ace cross sections,
namely,

rr(K P —&A/)=20(K P~ A(v). (3)

With certain restrictive assumptions, these equations
are also derivable from SU(3) or SU(6) symmetries. "

A comparison of the present data with the above
predictions may be accomplished by the use of Table
XIV, which gives 0 for the reactions of interest. The
equality for hp' and A.&u predicted by Eq. (1) was
found to hold experimentally at both momenta. For
the particular cases of the p' and p mesons, the present
experimental results are consistent with Eq. (2). The
Ap cross sections divided by the values predicted by
Eq. (3) are 0.5&0.2 at both 4.1 and 5.5 GeV/c. Further
similarities between the Ap' and Ace final states can be
seen in the density matrix elements given in Table IX.
For the Ap final state the density matrix elements may
be somewhat different from those of the Ap' and Aced

final states.
Relations analogous to the h.p, A~, and Ap cross

sections discussed above should hold for the AA2, Af,
and Af* cross sections. '4 However, the f* branching
ratios are not well known"; also there is recent evidence
that the A& enhancement may in fact consist of two
mass peaks. "For these reasons we have not attempted
such a comparison with the present data.
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31' We have not corrected the experimental cross sections by any
other factors such as one to compare different reactions at the
same Q value, as suggested by S. Meshkov, G. A. Snow, and G. B.
Yodh, Phys. Rev. Letters 12, 87 (1964).

»We are informed that there are alternative derivations of
Eq. (1) based on SU(3) or universality ideas PP. G. O. Freund,

FIG. 35. The decay angular distributions for T&*+(1695)—+ A~+
in the FP+(1695)m final state. The angles 8, 0', and p are analo-
gous to those defined in Sec. IX C for the I'&~(1385).
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